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Abstract. Solar photosphere and chromosphere are composed of weakly ionized
plasma for which collisional coupling decreases with height. This implies a breakdown
of some hypotheses underlying magnetohydrodynamics at low altitudes and gives rise
to non-ideal MHD effects such as ambipolar diffusion, Hall effect, etc. Recently, there
has been progress in understanding the role of these effects for the dynamics and
energetics of the solar atmosphere. There are evidences that such phenomena as wave
propagation and damping, magnetic reconnection, formation of stable magnetic field
concentrations, magnetic flux emergence, etc. can be affected. This paper reviews the
current state-of-the-art of multi-fluid MHD modeling of the coupled solar atmosphere.
1. Introduction
The classical approach in describing the interaction between the magnetic field and the
plasma in the solar atmosphere consists in the application of magnetohydrodynamic
equations, using different levels of simplifications [1–4]. Nevertheless the solar lower
atmosphere (photosphere and chromosphere) is composed of a weakly ionized plasma.
The low temperatures around the photospheric temperature minimum lead to an
ionization fraction around ni/n ≈ 10
−4 at higher altitude (where 1 means fully ionized
plasma). In the chromosphere the ionization fraction increases, but always remains
below 1. As the atmosphere becomes less dense with height, its charge-neutral collisional
coupling decreases and each species composing the solar plasma stop exhibiting the
collective behavior. Since different forces act on charged and neutral particles, and
also on particles with different mass, the breakdown of collective behavior leads to an
appearance of net collisional forces between different species. The differential behavior of
neutrals and ions gives rise to charge separation and ambipolar diffusion. The differential
behavior between ions and electrons produces Hall effect. Partial-pressure gradients lead
to a battery effect, etc. The importance of these non-ideal effects strongly depends on
height and on the strength and gradients of solar magnetic fields.
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It can be expected from general considerations that non-ideal effects are less
important in the photosphere, except for regions with strong concentrated magnetic
field, such as sunspots and magnetic elements of the quiet regions [5]. However, in
the chromosphere, non-ideal effects may play a crucial role for its energy balance and
formation of dynamic structures [6–10]. While it has long been known that a local
thermodynamic equilibrium approach can not be applied to treat the processes related to
radiative transfer in the chromosphere, it is now become evident that for the description
of processes related to the interaction of chromospheric plasma with magnetic field, the
standard magnetohydrodynamic approach may fail, and a new alternative description
should be applied. A plausible alternative to the more complex kinetic approach is the
application of multi-fluid theory where the individual species are described as fluids
interacting by collisions. Depending on the degree of collisional coupling, it may be
sufficient to apply a quasi-MHD single fluid theory complemented with the generalized
Ohm’s law, or to treat neutral and charged fluids separately. A number of works recently
revise the multi-fluid formalism for the description of solar plasma [5, 11, 12]. Below
we provide an overview of the recent advances in the field of multi-fluid modeling of the
solar atmosphere. Previous reviews of the subject can be found in [13–15].
2. Wave propagation
The effect of partial ionization on the propagation, excitation and damping of different
types of waves in solar plasma has been addressed in many studies [10, 16–31]. In those
works mostly an analytical approach has been applied, using either single or multiple
fluid treatment. The effects of partial ionization have been found significant for high-
frequency waves with frequencies close to the ion-neutral collision frequency, affecting
the following aspects:
• Partial ionization produces additional wave damping due to viscosity, conductivity,
and friction due to neutral component. The frictional damping is found to be more
important for waves in the photosphere, chromosphere and prominence plasma
[22–24]. The damping of waves depends both on the collisional frequency, and
on the ionization fraction [21, 25]. Ion-neutral friction provides an efficient way
of dissipation of Alfve´n and fast MHD waves [16–18, 20, 29, 30, 32–34] that are
significantly more difficult to dissipate compared to the compressional acoustic
waves. This friction was proposed to be one of the reasons for the damping of
coronal loop oscillations and prominence oscillations. On contrary, Hall effect affects
waves mainly in the photosphere, where it can produce whistler waves and lead to
instabilities [25, 35].
• It was suggested in [26] that the excitation rates of Alfve´n waves in the photosphere
might be significantly decreased if the neutral component is taken into account.
In the photosphere, the ion-neutral collisional frequency is expected to be larger
than the cyclotron frequency and, therefore, perturbations due to the magnetic
Lorentz force should also involve neutrals dragged by collisions with ions. It has
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been suggested that the perturbed velocity may be reduced, leading to a smaller
Alfve´n energy, since this flux is scaled with the factor ρi/ρn, of the ratio between
the ion and neutral mass densities. However, a similar analysis by [36] contradicts
this conclusion and presents an expression of the energy flux without the factor
ρi/ρn. Later on, [29] demonstrated that the difference between both studies can be
understood if one assumes that the initial perturbation involves neutrals as well,
i.e. vn 6= 0, unlike [26].
• Under a single fluid treatment, [27, 37] proposed that the collisional interaction
with neutrals can lead to the appearance of cut-off frequencies and wave numbers
for Alfve´n and kink waves. However, as demonstrated by [31], the appearance of
a cut-off wave number in the single-fluid approach might be due to the neglection
of the inertia term in the equation of motion for the relative ion-neutral velocity.
When this term is taken into account under a two-fluid treatment, no cut-off wave
number owing to ion-neutral interaction is present.
• Apart from spatial and temporal damping effects (similar to the evanescence of
acoustic-gravity waves in a stratified atmosphere), ion-neutral interaction can lead
to dissipation of perpendicular currents produced by waves, converting the magnetic
energy of waves into thermal energy and producing an important heating of the
magnetized chromosphere above magnetic elements [30, 38–40]. This issue will be
addressed in more detail in Section 6.
3. Instabilities
Ion-neutral interaction leads to a modification of the onset criteria and the growth rates
of classical instabilities such as Rayleigh-Taylor (RTI) and Kelvin-Helmholtz (KHI), and
also to the appearance of new ones, typical for a partially ionized medium:
• Hall instability in the presence of a flow shear. This non-ideal magnetohydrody-
namic instability develops due to Hall currents, produced because ions are collision-
ally dragged by neutrals, while electrons are bound to the magnetic field [41–43].
In the presence of a flow shear, this effect twists the radial magnetic field and gen-
erates an azimuthal field, while torsional oscillations of the azimuthal field generate
again the radial field. The maximum growth rate of the instability is proportional
to the absolute value of the velocity shear and to ambient diffusivities, and occurs
when both the field and the wave vector are vertical [42, 43]. When the field has a
non-vertical component and when waves are propagating obliquely, both Hall and
ambipolar diffusion together help the development of the instability.
• Farley-Buneman instability. This two-stream instability arises under chromospheric
conditions due to the drift motions of charged particles when electrons are strongly
magnetized but ions are unmagnetized due to collisions with neutrals. It can be
produced by waves or flows of quasi-neutral gas from the photosphere creating cross-
field motion in a partially ionized plasma [44–48]. Conditions in the chromosphere
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meet the instability criteria if the electron drift trigger velocity is slightly below
the sound speed [48]. It has been suggested that this instability may lead
to chromospheric heating, however, currents necessary to provide electron drift
velocity of 2-4 km s−1 are two orders of magnitude larger that actually measured
[46, 47, 49].
• Contact instabilities. Magnetic RTI and KHI contact instabilities are expected
to arise at the interfaces between the prominence and coronal material at the
prominence boundary and in prominence threads. Linear analyses and numerical
simulations show that the presence of neutrals in a partially ionized plasma removes
the critical wavelength imposed by the magnetic field, making perturbations
unstable in the whole wavelength range [50–53], but with a small growth rate that
depends on the ionization fraction. The instability threshold of the compressional
KHI is very much sensitive to the value of the flow, and is lower than in the fully
ionized case due to ion-neutral coupling, reaching sub-Alfve´nic values [50]. Another
kind of contact instability called dissipative instability was recently investigated in
[54] concluding that while viscosity tends to destabilise the plasma, the effect of
partial ionization acts towards stabilizing the interface.
4. Flux emergence
Another phenomenon affected by ion-neutral interaction is the magnetic flux emergence
[55, 56]. A magnetic flux rope rising due to buoyancy through the solar interior
to the surface encounters a layer of almost neutral gas in the photosphere where it
becomes affected by ambipolar diffusion removing perpendicular currents and modifying
the structure of the emerged field. By performing 2D and 3D numerical simulations,
[55, 56] have shown that the amount of the emerged flux can be greatly increased by
the presence of this diffusive layer of partially ionized plasma. At the chromosphere,
the order of magnitude stronger dissipation of currents perpendicular to the magnetic
field, compared to that of longitudinal currents, has been found to facilitate the creation
of potential force-free field structures [57]. Curiously, in the simulations by [55, 56] it
was found that including neutrals avoids the Rayleigh-Taylor instability at the interface
of the emerged flux. This apparently contradicts the results of linear analyses and
numerical simulations of contact instabilities above [52, 53]. This contradiction can be
understood taking into account that, while the cut-off wavelength is removed in the
partially ionized case, the small scale unstable modes are possibly not resolved in the
simulations by [55, 56] with much coarser numerical resolution compared to [53].
5. Magnetic reconnection
The plasma partial ionization is also important for magnetic reconnection. While
ambipolar diffusion affects only perpendicular currents, and therefore cannot directly
produce reconnection, it can modify the configuration of the magnetic field lines, making
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the conditions for reconnection more favorable. Initial studies have shown that the
reconnection rates indeed strongly depend on the collisional coupling between the ionized
and neutral species [58]. Due to the action of ambipolar diffusion, oppositely oriented
magnetic field lines can be brought sufficiently close to facilitate the reconnection [59, 60].
The current sheet can become thin to the scale of the neutral-ion mean free path
[61]. Two-fluid numerical model of reconnection applied in [62–64] demonstrated that
reconnection leads to proton heating and jet-like phenomena with different temperatures
of neutral and ionized species. A more advanced numerical modeling of reconnection in
a Harris current including ion-neutral scattering collisions, ionization, recombination,
optically thin radiative loss, collisional heating, and thermal conduction [65] has shown
a more complex picture where neutral and ionized fluid becomes uncoupled upstream
from the reconnection site. It undergoes ion recombination that, combined with
Alfve´nic outflows, leads to fast reconnection rates independent of Lundquist number.
Asymmetric reconnection is also possible to occur in the chromosphere when the emerged
magnetic flux interacts with an already existing one. This situation was studied in [61],
showing that the ion and neutral outflows are strongly coupled, but the inflows are
asymmetrically decoupled. Yet another kind of reconnection induced by slow mode
shock waves was modeled in [66] who showed that the system undergoes several stages
from weak to strong coupling finally reaching the quasi-steady state. It is characterized
initially by an over-pressured neutral region that explosively expands outwards from
the reconnection site, and frictional heating is produced across the shock front due to
strong drift velocity. Altogether these models suggest that such kind of phenomena can
be responsible for foot point heating of coronal loops, explosive events, chromospheric,
transition region and sunspot penumbrae jets, and to produce spicules.
6. Chromospheric heating
From the point of view of the energy balance, additional dissipation of perpendicular
currents due to ion-neutral interaction (ambipolar diffusion) can lead to a several orders
of magnitude larger Joule heating compared to the fully ionized plasma [22, 56]. It
has been pointed out [6, 19, 67] that current dissipation, enhanced by the presence of
neutrals in a plasma not entirely coupled by collisions, can play an important role in
the energy balance of the chromosphere and above. Numerical modeling has confirmed
that, indeed, the amount of heating is sufficiently large and the time scales associated
to it are sufficiently short so that it can easily compensate the radiative energy losses
of the magnetized chromosphere and explain the chromospheric temperature increase
[7, 8]. The necessary condition for the heating is the existence of non force-free magnetic
field, producing perpendicular currents.
Such currents can exist in the form of relatively stationary currents in magnetic
structures, but can also be dynamically created by waves and flows. The magnetized
plasma motions in the solar photosphere create an electromagnetic Poynting energy flux
sufficient to heat the upper solar atmosphere [6, 17, 40, 68–71], and a significant part
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of this flux may be produced in the form of Alfve´n waves [72] (but see Section 2). A
recent analysis by [73] has shown that up to 80% of the Poynting flux associated to
these waves can be dissipated and converted into heat due to the effect of ambipolar
diffusion providing an order of magnitude larger amount of energy to the chromosphere
compared to the dissipation of stationary currents [7]. Nevertheless, [74] argue that
heating produced by acoustic shocks is more important than than by Alfve´n wave
dissipation through ion-neutral collisions. Therefore, the question of chromospheric
heating due to the ion-neutral interaction will require further studies in the future.
7. Concluding remarks
Ion-neutral interaction in the partially ionized solar plasma can have significant effects
on the dynamical processes and on the energy balance. In recent years, a mathematical
formalism for the treatment of such interaction is being settled and analytical and
numerical models of increasing complexity demonstrate how neutrals can affect wave
propagation, plasma instabilities, reconnection and other fundamental processes taking
place in the solar atmosphere. These effects are expected to influence the formation
of chromospheric dynamic features, to affect its energy balance, the stability of
prominences, etc. There is a need to step forward from single-fluid to multi-fluid
modeling to allow relaxing the restrictions of such approximation and studying the
uncoupled behavior of the ionized and neutral components of the solar plasma.
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